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Abstract
Genes expressed in lepidopteran midgut tissues are
involved in digestion and 
 
Bacillus thuringiensis
 
 (Bt) toxin
resistance traits. Five hundred and thirty five unique
transcripts were annotated from 1745 high quality 
 
O
 
.
 
nubilalis
 
 larval midgut expressed sequence tags (ESTs).
Full-length cDNA sequence of 12 putative serine pro-
teinase genes and 3 partial 
 
O
 
. 
 
nubilalis
 
 aminopeptidase
N protein genes, 
 
apn
 
1,
 
 apn
 
3, and 
 
apn
 
4, were obtained,
and genes may have roles in plant feeding and Bt toxin
resistance traits of 
 
Ostrinia
 
 larvae. The EST library was
not normalized and insert frequencies reflect transcript
levels under the initial treatment conditions and
redundancy of inserts from highly expressed transcripts
allowed prediction of putative single nucleotide poly-
morphisms (SNPs). Ten di-, tri- or tetranucleotide repeat
unit microsatellite loci were identified, and minisatellite
repeats were observed within the C-termini of two
encoded serine proteinases. Molecular markers showed
polymorphism at 28 SNP loci and one microsatellite
locus, and Mendelian inheritance indicated that markers
were applicable to genome mapping applications. This
 
O
 
. 
 
nubilalis
 
 larval midgut EST collection is a resource
for gene discovery, expression information, and allelic
variation for use in genetic marker development.
Keywords: expressed sequence tag, single nucleotide
polymorphism.
Introduction
 
The midgut lumen of Lepidoptera contains one of the
strongest known biologically produced alkaline conditions
(Dow, 1992). High pH largely determines redox state of the
midgut, and affects the solubility and structure of lepidop-
teran digestive enzymes (Johnson & Felton, 1998). Physi-
ological conditions may have resulted in the selection of
high pH optima among lepidopteran digestive enzymes
that are secreted into the lumen by midgut tissues (Pereira
 
et al
 
., 2005). Midgut physiology also is influenced by the
pH and secondary compounds of ingested plant material
(Johnson & Felton, 1998), whereby midgut enzyme struc-
ture and expression also has adapted to function in the
presence of plant defensive compounds (Jongsma 
 
et al
 
.,
1995; Duffy & Stout, 1996).
Factors that determine larval fitness on a host plant
include metabolic capacity to detoxify allelochemicals
(Zangerl & Berenbaum, 1993), and gut enzyme insensitiv-
ity or gene expression change in response to defensive
compounds (Brattsten, 1988; Chougule 
 
et al
 
., 2005). The
European corn borer, 
 
Ostrinia nubilalis
 
, is a lepidopteran
pest of corn (
 
Zea mays
 
; Mason 
 
et al
 
., 1996) and larvae feed
upon approximately 223 plants native to Europe and North
America (Lewis, 1975). A genetically isolated sibling spe-
cies, 
 
Ostrinia scapulalis
 
, shares the same geographic
range in Europe (Bourguet 
 
et al
 
., 2000; Martel 
 
et al
 
., 2003;
Frolov 
 
et al
 
., 2007), but 
 
O
 
. 
 
scapulalis
 
 females oviposition
exclusively upon mugwort (
 
Artesisia vulgaris)
 
 or hop
(
 
Humulus lupulus
 
; Thomas 
 
et al
 
., 2003; Pélozuelo 
 
et al
 
.,
2004; Malausa 
 
et al
 
., 2008). A significant reduction in fit-
ness occurred when larvae of these species are fed plants
other than those upon which egg masses were deposited,
and suggested feeding adaptations have occurred
(Calcogno 
 
et al.
 
, 2007). The basis for fitness differences
between larvae of 
 
Ostrinia
 
 species on non-host plants
remains unknown, but may be influenced by midgut
physiology.
Analogous to plant defensive chemicals, insecticidal
compounds can be ingested or absorbed by lepidopteran
larvae. Native and transgenic 
 
Bacillus thuringiensis
 
 (Bt)
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Cry1A and Cry1F toxin proteins bind membrane-anchored
receptor proteins, aminopeptidase N (
 
apn
 
) and cadherin,
prior to formation of ion channels on lepidopteran midgut
epithelial cells (Tabashnik, 2001). Lepidopteran resistance
to Bt toxins has developed as a result of structural changes
in midgut receptor proteins (Gahan 
 
et al
 
., 2001), and
reduction in midgut-expressed serine proteinase (Oppert,
1999; Li 
 
et al
 
., 2005) and aminopeptidase N transcript lev-
els (Herrero 
 
et al
 
., 2005). Cadherin and aminopeptidases
are Cry1Ab receptors in the 
 
O
 
.
 
 nubilalis
 
 midgut (Hua 
 
et al
 
.,
2001; Flannagan 
 
et al
 
., 2005), but cadherin and 
 
apn
 
1 alle-
les from a 
 
≥
 
 2500-fold resistance strain did not significantly
affect resistance phenotypes in F
 
2
 
 populations (Coates
 
et al
 
., 2008). Experiments indicated additional candidate
genes or quantitative trait locus (QTL) mapping might be
required to elucidate 
 
O
 
.
 
 nubilalis
 
 Bt resistance traits.
Expressed sequence tags (ESTs) are short DNA
sequences from cDNA library clones, and provide gene
expression information from different tissues, organs, or
developmental stages (Gaines 
 
et al
 
., 2002). Candidate
genes involved in animal traits (Harhay & Keele, 2003),
insect digestion (Pedra 
 
et al
 
., 2003), and Bt resistance
(Siegfried 
 
et al
 
., 2005) have been identified from EST
collections. In the 
 
O
 
. 
 
nubilalis
 
 midgut EST collection we
describe serine proteinase gene families and aminopepti-
dase receptor proteins that are candidate genes for host
plant adaptation and Bt toxin resistance. Furthermore, data
was mined to isolate polymorphic sites for genetic marker
development. Ten microsatellite and 2 minisatellite repeats
also were identified, and putative single nucleotide poly-
morphisms (SNPs) were predicted among orthologous
EST sequences. A total of 28 single locus 
 
O
 
.
 
 nubilalis
 
 SNP
markers were developed for genome mapping applications
and are polymorphic in natural a population.
 
Results
 
Ostrinia nubilalis midgut EST library (ONmgEST)
 
The 
 
O
 
. 
 
nubilalis
 
 cDNA library was constructed for midgut
tissue, and will be referred to as ONmgEST. ONmgEST
contains approximately 4.5 
 
×
 
 10
 
9
 
 clones in the XL1-blue
 
Escherichia coli
 
 host strain, of which 3456 clones were
arrayed on 36 individual 96-well plates. Screening of
pDNR-LIB plasmid inserts from 50 randomly selected
clones indicated average insert sizes were approximately
750 bp (range 350 to 2000). DNA sequence from T7 end of
3072 clones produced 1745 high quality EST reads with
Phred scores > 30 (99.9% base call accuracy). The ONm-
gEST dataset encompassed a total of 799 214 nucleotides
(average read length = 457.2 ± 127.2; range 74 to 906
bases), and sequences are accessible through the Gen-
Bank EST database (dbEST; accessions EL928389–
EL930130).
 
Contig assembly and annotation
 
A total of 535 unique 
 
O
 
. 
 
nubilalis
 
 midgut EST sequences
were identified. Two hundred and thirty nine contiguous
sequences (contigs) were assembled from 1449 of the
1745 
 
O
 
. 
 
nubilalis
 
 midgut ESTs. The remaining 296, or
16.9% of the total, showed no homology to other 
 
O
 
. 
 
nubila-
lis
 
 midgut ESTs and were classified as singletons. All 535
unique sequences, 239 contigs and 296 singletons, were
given contig assignments to facilitate future identification
of orthologous sequences and are available from the cor-
responding author. The mean number of representative
sequences per contig was 3.2 (± 10.9), and the mean
number within contigs that contained 
 
≥
 
 2 ESTs was 10.1
(± 20.7; range 2 to 199). Contigs were annotated with
BLAST2GO software (Conesa 
 
et al
 
., 2005), which auto-
mated searches by BLASTn of the nr database, InterPro-
Scan (IPS) of the InterPro database (Quevillon 
 
et al
 
., 2005;
Mulder 
 
et al
 
., 2007), and Gene Ontology (GO) prediction
against the GO Consortium database. Percent nucleotide
similarities of BLASTn hits ranged from 43 to 100%
(Fig. 1A) and observed E-values ranged from 10
 
–10
 
 to 10
 
–112
 
(Fig. 1B). BLASTn hits were observed from multiple spe-
cies including 1682 from 
 
O
 
. 
 
nubilalis
 
, 921 from 
 
Helicoverpa
armigera
 
, 828 from
 
 Sesamia nonagrioides
 
, 718 from 
 
Dro-
sophila melanogaster
 
, 668 from 
 
Aedes aegypti
 
, 629 from
 
Bombyx mori
 
, and 438 from 
 
Tribolium castaneum
 
. A query
of 535 
 
O
 
. 
 
nubilalis
 
 contigs against > 150 000 Silkbase
 
Bo. mori 
 
ESTs (Mita 
 
et al
 
., 2002) confirmed prior BLASTn
annotations, but also identified homologs for 88 ESTs that
were not annotated following previous GenBank nr data-
bases searches (statistics not shown).
IPS results were obtained for derived peptide sequences
from 961 of 1745 
 
O
 
. 
 
nubilalis
 
 midgut ESTs (55.1%), and
provided a total of 239 unique IPS annotations (20 most fre-
quent are listed in Table 1). GO predictions suggested
67.8% of ESTs encoded peptides with biological processes
involving proteolysis, and included aminopeptidase N (3),
carboxylpeptidase (7), chymotrypsin (82), elastase (11),
tryspin (242), and metalloprotease (3) enzymes. Serine-
type endopeptidase activity encompassed nearly 50% of
the predicted GO molecular functions (F), followed propor-
tionally by ribosomal proteins and cytochrome 
 
c
 
 oxidase
subunit proteins (Table 2). Phylogenetic relationship
among of 237 trypsin- and 71 chymotrypsin-like serine pro-
tease peptide sequences showed 6 trypsin- and 6 chymo-
trypsin-like clusters (gene families; Fig. 2). Full cDNA
inserts for midgut EST clones that contained 
 
O
 
. 
 
nubilalis
 
trypsins T21, T22, and T26, and chymotrypsin C3 were
sequenced, and were submitted to GenBank (accessions
EU673450, EU673451, EU673452 and EU673453, and
EU673454, respectively). The newly described 
 
O
 
. 
 
nubilalis
 
serine proteinases and previously described T23, T3,
T25, and C1 and C2 contained characteristic propeptide
 Ostrinia nubilalis
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sequence, and catalytic triad, substrate cleft, and substrate
specificity determining domains (Fig. 3).
Three 
 
O
 
. 
 
nubilalis
 
 transcripts encoding aminopeptidase
N (APN) genes were annotated. Translation of EL928408
showed 66% similarity to 
 
B. mori
 
 APN3 (AAL83943),
EL929618 has 64% similarity to 
 
B. mori
 
 APN4 (BAA3-
3715), and EL390111 shows 83% similarity to 
 
B. mori
 
APN1 (AAC33301 and BAA32475). Additional sequence
for 
 
O
 
. 
 
nubilalis onapn
 
1, 
 
onapn
 
3, and 
 
onapn
 
4 peptide
homologs (GenBank accessions EF103942, EF103944,
and EF103945, respectively) showed structural APN motifs;
Zn-binding sites, a conserved GAMEN active site
(Laustsen 
 
et al
 
., 2001), and glycosyl-phosphatidylinositol
(GPI)-anchor sites in C-terminal regions of OnAPN1,
3, and 4 (Fig. 4). Phylogenetic analysis of lepidopteran
APNs predicted the presence of 5 gene families, and
included 
 
onapn
 
1, 
 
onapn
 
3, and 
 
onapn
 
4 within three
separate clades (Fig. 5). DNA sequence alignment indi-
cated nucleotide variation was present among
 
 onapn
 
1,
onapn3, and onapn4 alleles (GenBank accessions
EU686656 to EU686663), and SNP assays that used RsaI,
MspI, and MseI or NdeIII respectively were developed
and Mendelian inheritance validated by pedigree analysis
(Table 3).
A total of 367 O. nubilalis midgut EST sequences (21.0%
of total) were shown to have no orthologs in GenBank,
Figure 1. Statistics on BLASTn annotation of Ostrinia nubilalis midgut ESTs. A) percent similarity between ESTs and GenBank nr/nt nucleotide database 
accessions, and B) distribution of sequences with BLAST E-values (≥ 1–10).
Table 1. The 20 most frequent Ostrinia nubilalis midgut EST (ONmgEST) gene descriptions assigned during annotation with InterProScan. Additional 
information includes the protein family, number of ONmgESTs annotated, and GenBank accession with highest E-value (> 10–10)
Gene Description InterPro Protein Family No. GenBank homologs
Peptidase, trypsin-like serine and cysteine IPR009003 pfam00089 199 AY513649 TrypsinT25
Fibronectin type III IPR003961 pfam00041 54 X66813*
Cytochrome c oxidase, subunit III IPR000298 pfam00510 49 AF442957
Peptidase, trypsin-like serine and cysteine IPR009003 pfam00089 38 AY513650 Tryspsin T23
Insect cuticle protein IPR000618 pfam00379 36 NA
Exonuclease IPR006055 pfam00929 35 AE014296
Diptera metallothionein, family 5 IPR000966 pfam02067 32 NM_079 689
Peptidase S1 and S6, chymotrypsin/hap IPR001254 pfam00089 32 AY953069 Chymotrypsin C1
Polysaccharide deacetylase IPR002509 pfam01522 30 AY966402
Peptidase S1 and S6, chymotrypsin/hap IPR001254 pfam00089 18 AY953056 Chymotrypsin C2
Peptidase S1 and S6, chymotrypsin/hap IPR001254 pfam00089 18 AB026735 35kP proteinase
Diapausin antimicrobial peptide IPR012525 pfam08036 15 AB070558
Peptidase S1 and S6, chymotrypsin/hap IPR001254 pfam00089 14 AM690449 Chymotrypsin
ACB, Acyl-CoA-binding protein IPR000582 pfam00887 14 AF246696
Cytochrome c oxidase, subunit I IPR000883 pfam00115 13 AF442957
Lipase IPR000734 pfam00151 12 AB180932
Cytochrome c oxidase, subunit III IPR000298 pfam00510 11 AF442957
Peptidase S1 and S6, chymotrypsin/hap IPR001254 pfam00089 11 AF233728 Elastase
Peptidoglycan recognition proteins IPR015510 pthr11022 11 AF441723
Ferritin IPR001519 pfam00210 9 AF142340
*E-value 1.5 31% peptide identity.
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InterPro, or any other molecular database. Seventeen con-
tigs were assembled from 211 of these 367 ESTs (read
depth of 2 to 35 sequences; mean = 12.1 ± 11.3). Open
reading frames (ORFs) with ≥ 100 amino acids were
predicted within all 17 unannotated contigs, and were
assigned a putative ID ‘Ostrinia nubilalis hypothetical
peptide’ within corresponding dbEST accessions.
Microsatellite repeats and single nucleotide 
polymorphisms (SNPs)
Microsatellite loci with ≥ 5 di-, tri- and tetranucleotide repeat
units were identified from 45 midgut ESTs grouped within
10 contigs (3 contigs with ≥ 2 EST accessions; Table 4).
The 5′-UTR of O. nubilalis muscle protein and lipophorin
receptor genes showed (CA)n microsatellite repeats,
and tri-nucleotides repeats (TNRs) were within coding
sequences of 2 genes where repeat units matched codons
for Ala or Tyr amino acid. The 3 microsatellite sequences
within contigs of ≥ 2 accessions showed no variation in the
number of tandem repeats. Screening of an Ames, IA pop-
ulation (n = 30) identified size variation among PCR pro-
ducts that spanned a GCC repeat loci from EST EL930073
(allele number = 3; HO = 0.100; HE = 0.096; χ2 = 0.083;
P = 0.96; d.f. = 2), but not for a TAC microsatellite from
accession EL928651. Additional repeat units were
observed within full insert sequences from EST clones that
encode the O. nubilalis trypsin T26, where the 3′-UTRs
contained 11 imperfect CGAARACTCCAA repeat units
(GenBank accession EU673452). Similarly, an O. nubilalis
contig annotated as a diverged serine proteinase onspd01
had 4 copies of a GGCGATGACAGCGACGACAAY repeat
that was predicted to encode tandem Gly-Asp-Asp-Ser-
Asp-Asp-Asn residues within the C-terminal portion of the
putative peptide (GenBank accession EU673455).
A total of 223 putative SNPs were identified within 77
midgut contigs that had ≥ 3 representative sequences
(mean = 10.9 ± 13.2). From these, 144 SNPs were pre-
dicted within 3rd codon positions of putative peptide coding
sequences (64.6%), compared to 30 and 13 within 1st and
2nd codon positions, respectively. The resulting ratio of
transition (ts) to transversion (tv) mutation was 1.79 (ω = ts/
tv = 143/80), and the ratio of synonymous to non-synonymous
mutation was 3.13 (dn/ds = 144/46). The remaining 7
SNPs were predicted within UTRs. A total of 91 mutations
were predicted within sequence palindromes (restriction
endonuclease recognition sites), from which 48 PCR
primer pairs were designed. Thirty six SNPs were shown to
be polymorphic in an Ames, IA population (n = 30; data not
shown), and 17 of 19 were further showed Mendelian inher-
itance within pedigrees (Table 3).
Table 2. Number of Ostrinia nubilalis midgut EST accessions corresponding to A) biological functions, or B) molecular processes as defined by the Gene 
Ontology Consortium
Biological Process (GO level P) N % Molecular Process (GO level F) N %
Proteolysis 348 67.8 Serine-type endopeptidase activity 335 50.8
Regulation of transcription 42 8.2 Cytochrome c oxidase activity 73 11.1
Lipid metabolism 32 6.2 Ribosome, structural constituent 62 9.4
Aerobic respiration 15 2.9 Receptor activity 34 5.2
Defense response 13 2.5 Heme binding 22 3.3
ATP synthesis couple proton transport 10 1.9 Exonuclease activity 15 2.3
Peptidoglycan catabolic process 9 1.8 Copper binding 15 2.3
Iron ion homeostasis 8 1.6 Acyl-CoA binding 13 2.0
ATP coupled electron transport 8 1.6 ATP binding 12 1.8
Iron ion transport 7 1.4 N-acetylmuramoyl-L-alanine amidase activity 9 1.4
Protein folding 4 0.8
Chitin metabolism 4 0.8 Zinc ion binding 9 1.4
tRNA aninoacylation 3 0.6 Ferric ion binding 8 1.2
Protein modification 3 0.6 GTP binding 7 1.1
Nucleosome assembly 3 0.6 NAD + ADP-ribosyltransferase 6 0.9
Microtubule-based movement 2 0.4 Electron carrier activity 5 0.8
Cell redox homeostatis 2 0.4 Chitin binding 4 0.6
Totals 513 100.0 Astacin activity 4 0.6
Proteins domain specific binding 4 0.6
RNA binding 3 0.5
Unfolded protein binding 3 0.5
GTPase activity 3 0.5
Calcium ion binding 3 0.5
Hormone activity 2 0.3
Transcription factor activity 2 0.3
Oxygen transporter activity 2 0.3
Actin binding 2 0.3
Carboxypeptidase A activity 2 0.3
Totals 659 100.0%
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Discussion
Ostrinia nubilalis midgut EST library
Midgut epithelium is predominantly composed of columnar
epithelial cells that are involved in food digestion and
absorption, along with goblet cells, regenerative cells, and
endocrine cells. ESTs from these O. nubilalis midgut cell
types encompass 535 unique annotated genes and nearly
0.8 Mb of sequence, and are comparable to ESTs from sin-
gle tissues of other Lepidoptera. A total of 1503 Lonomia
oblique bristle (CX815710 to CX820336), 1308 Manduca
sexta hemocyte (EH117808 to EH119115), 1055 H. armigera
Figure 2. Neighbor Joining (NJ) phylogeny for putative Ostrinia nubilalis trypsin (panel A), and chymotrypsin (B) gene families encoded by ONmgESTs. The 
O. nubilalis T26 AF309500-(Bombyx mori 35 kDa protease) like, and O. nubilalis C4 DQ443284-(B. mori chymotrypsin) like groups were used as intraspecific 
outgroups for gene family members in the ONmgEST dataset.
612 B. S. Coates et al.
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midgut (BU038392 to BU038869, and EE332468 to
EE399947), and 1132 Plutella xylostella immune-
induced ESTs (BP937112 to BP938243; Eum et al., 2007)
previously were obtained. Additionally, the candidate Bt
resistance gene cadherin and multiple cellulase enzymes
were annotated from 1528 Diabrotica virgifera midgut ESTs
(Siegfried et al., 2005), and suggests useful biological
information can be derived from EST datasets that do not
contain all expressed genes. Half of the 80 eukaryotic
ribosomal protein genes (Doudna & Rath, 2002) were
predicted from O. nubilalis midgut ESTs. Additionally, the
midgut-expressed candidate Bt resistance gene, cadherin
(Coates et al., 2005a; Flannagan et al., 2005), was not
identified from O. nubilalis midgut ESTs. Sequencing the
T7 end of more cDNA library clones likely may identify addi-
tional O. nubilalis genes. Regardless, the current midgut
EST dataset identified novel sequence for candidate gene
involved in important biological processes (host plant adap-
tation and Bt resistance mechanisms) and nucleotide sub-
stitution data for downstream genetic marker development
applications.
Candidate genes for feeding adaptation
Midgut digestive enzymes are classified into peptidases,
glycosidases, lipases, phospholipases, and esterases.
Enzymes are up or down regulated in response to dietary
intake or plant defensive compounds and are involved in
metabolism/transport of proteins, carbohydrates, and lipids
Figure 3. Alignment of translated Ostrinia nubilalis trypsin- and chymotrypsin-like serine proteinases from full-length EST sequences. Propeptide cleavage sites 
are in bold, His, Ser, and Asp residues of the catalytic triad (•), oxyanion hole is enclosed in boxes, residues involved in advantageous substrate contacts are 
underlined, specificity determining residues are double underlined, the S1 pocket is highlighted black. Residues involved in inhibitor insensitivity are indicated 
by *. (A) Tryspin-like serine proteinases; (B) Chymotrypsin-like serine proteinases.
Ostrinia nubilalis midgut EST library 613
Journal compilation © 2008 The Royal Entomological Society, 17, 607–620
No claims to original US government works
and fatty acids (Carsten et al., 2005). Serine proteases,
aminopeptidases, and carboxypeptidases are differentially
expressed in H. armigera larvae when fed on different
host plants, whereas elastase and cathepsin B-like protei-
nase expression was not altered (Chougule et al., 2005).
Trypsin- and chymotrypsin-like serine proteases are the
major lepidopteran peptidases, are differentially affected by
plant-derived antagonistic molecules (protease inhibitors,
PIs, and lectins), and may be involved in host plant adapta-
tion (Srinivasan et al., 2006). Lepidopteran serine pro-
teases show different levels of sensitivity to PIs present
within ingested material, whereby insensitive serine pro-
teases are upregulated when larvae are challenged by a
given PI (Brown et al., 1997; Patankar et al., 2001; Lopes
et al., 2004; Chougule et al., 2005). Structural analysis indi-
cated residues implicated in PI resistance were not shared
100% among O. nubilalis trypsins, and suggested each
have different sensitivities to plant defensive compounds.
Serine protease catalytic specificities are is determined
protein-protein contacts between the enzyme and sub-
strate, and involves amino acids of the S1 pocket and five
different domains that form other advantageous contacts
(Srinivasan et al., 2006). Trypsin T23 was the only serine
protease to hydrolyze native Bt Cry1Ab toxin, which indi-
cated individual O. nubilalis serine proteases cleave only a
subset of ingested proteins (Li et al., 2005). The six O. nubi-
lalis trypsin proteins have 6 different amino acid motifs
within specificity-determining pockets and amino acid vari-
ation was shown within domains to form advantageous
substrate contacts. Structural analysis suggests each O.
nubilalis trypsin may have different substrate specificities.
Variation in larval fitness suggests adaptation to specific
host plants takes place (Via, 1990; Mirzoyan & Mirzoyan,
2004; Parry & Goyer, 2004), and may be influenced by ser-
ine protease sensitivity to plant defensive compounds
or ability to use the available substrate as a food source
Figure 4. Alignment of predicted Ostrinia nubilalis Aminopeptidase N peptide sequences. Zn-binding sites (underscored with *), conserved GAMEN active site 
residues (underlined), and C-terminal GPI modification sites (bolded) are indicated.
614 B. S. Coates et al.
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(Srinivasan et al., 2006). Reduced developmental rate of
O. nubilalis and O. scapulalis larvae was shown after move-
ment to non-host plants, and indicted host plant adaptation
of midgut enzymes may lead to phenotypic differences
between species (Calcogno & Bourguet, 2007). The role
of differential expression and structural variation among
Ostrinia protease genes in the host plant adaptation
remains unknown, but is an area of future Ostrinia
research.
Annotation of candidate Bt toxin receptors
APNs are part of a gene family with 4 to 5 members that are
encoded at different loci in lepidopteran genomes (Nakan-
ishi et al., 2002; Herrero et al., 2005). Candidate Bt toxin
resistance genes encoding aminopeptidase N (APN1,
APN3, and APN4) were predicted from ONmgESTs,
whereas apn2 and apn5 orthologs were not identified.
APNs are membrane-bound glycoproteins that catalyze
cleave of amino acids from the N-terminus of digested pep-
tides, and are bound by domains II and III of Cry1A toxins
prior to formation of ion pore channels (De Maagd et al.,
1999; Hua et al., 2001). Aminopeptidases were shown to
be differentially expressed by H. armigera larvae when
feed on different host plants (Chougule et al., 2005), which
suggests larval treatment conditions used to construct the
midgut EST library may not have induced APN2 or APN5
expression, or were not sampled such that additional
sequencing of library clones likely may be required to
characterize O. nubilalis APN2 and APN5 transcripts. Vari-
ation among alleles at onapn1, onapn3, and onapn4 was
observed within pedigrees, and furthermore has down-
stream application for testing gene influence on Bt resist-
ance traits. Association between Bt resistance traits and
alleles of candidate resistance gene loci has been con-
ducted by observing the segregation of polymorphic
markers within F2 families (Coates et al., 2008), and by
comparing alleles within resistant and selected individuals
(Morin et al., 2005). Polymorphic SNPs that are inherited in
a Mendelian fashion for O. nubilalis apn1, apn3, and apn4
will make future association studies possible, and are cur-
rently being conducted within our laboratory.
Microsatellite and single nucleotide polymorphism (SNP) 
markers
Lepidopteran microsatellite markers often have mutations
in the DNA regions that immediately flank the tandem
repeat, which results in a high proportion of null alleles or
PCR-amplification of > 2 alleles that originate from > 1
Figure 5. Neighbor-Joining phylogeny constructed for lepidopteran 
aminopeptidase N peptide sequences. GenBank accessions are given for 
each protein, and Ostrinia nubilalis proteins enclosed in a box. Percent 
branch support from 500 bootstrap pseudoreplicates is shown at each node, 
except ≤ 50% shown as a polytomy.
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independently segregating loci (Meglécz et al., 2004, 2007;
Zhang, 2004; van’t Hof et al., 2007). Genetic markers
developed from genomic regions that encode genes may
offer an alternative strategy that circumvents the null allele
difficulties associated with lepidopteran microsatellites.
Gene and protein coding regions show a lower rate of
nucleotide substitution compared to non-coding regions so
that peptide function may be retained, and this conserva-
tion used to design PCR-based markers that have a lower
prevalence of null alleles. Sequence conservation can
be problematic among members of a gene family when
derived from a recent duplication of a single ancestral gene
(Leclerc & Regier, 1994), and can lead to multilocus genetic
markers if paralogs are not defined (Choi et al., 2007).
Single nucleotide polymorphism (SNP) markers are
dominant and biallelic, and less informative than microsat-
ellites when allele number is considered. SNPs have a low
mutation rate that allows for forward and back mutation to
be ignored, such that lineages defined by each locus will
remain in tact over long evolutionary periods (Morin et al.,
2004). Additionally, SNPs are more densely and uniformly
distributed in genomes, which make fine mapping applic-
ations possible (Xing et al., 2005). Putative SNPs can be
identified from EST collections by comparing orthologous
sequences (Guryev et al., 2004). Ostrinia nubilalis midgut
EST were derived from a non-normalized cDNA library, and
contigs with high read depth represent transcripts with a
high relative expression level and also provided information
on structural variation within genes (among alleles; Gorod-
kin et al, 2007; Rosok & Sioud, 2007). EST redundancy of
30 to 70% was used to identify 12 722 potential SNPs from
4500 aphid genes, from which ‘high confidence’ SNPs were
Table 3. Test of Mendelian inheritance of SNPs within Ostrinia nubilalis pedigrees. Genotypic ratio among F1 offspring were compared to expected Mendelian 
proportions based on parental genotypes. Significant allele frequency departures from Mendelian expectation were tested by chi-square (χ2) analysis 
(significance at < 0.05). NP = no polymorphism
Pedi-
gree Marker Forward PCR Primer Reverse PCR Primer
Parental 
genotype
F1 PCR-RFLP 
genotypes (observed)
Expected 
F1 ratio χ
2
P-value 
(df)
3–10 141 RsaI TTTCACCACTGCTTCTTTTGGT GACGTCACTCTTTGCCAGGTA 2212 12(10): 22(13) 1:1 0.39  0.5316 (1)
234 MspI AAAATCTTTCTGGTGTGCCTCCT GGGRGCAATCAGAGGTGGTCT 1211 11(10): 12(11) 1:1 0.05  0.8273 (1)
apn4 NdeII GGTGCAGAATCCCTGGTTCCC TCCTAATCCATTCCAGCTGAG 1222 12(17): 22(20) 1:1 0.24  0.6219 (1)
3–11 44 HaeIII ATGGAATTCGTMGGCAAGAA GACGTCCTTGGCKGTCAT 1212 11(10): 12(15):22(7) 1:2:1 1.56  0.4578 (2)
94 CfoI ACATGGCAGGTACATACAAGTGG GCTGAACTGCCACGAGAACAT 1222 33(4): 12(3): 22(13) 1:2:1 1.58 < 0.0001 (2)
360 BamHI GCAAGTTCTGCTGTGTAAGGRGTC GCTTAGCAGTCTTCTTATGGAGTRGGG 1222 12(14): 22(16) 1:1 0.13  0.7150 (1)
228 HaeIII TGACCATGATTAAACTGGTTGT CGAAGTACTGCTGTATGGTCCART 1211 11(18): 12(13) 1:1 0.81  0.3692 (1)
121 TaqI GCGGTTGACAAACTGGTGAC AGGGAACTGGTCGATTTGGAA 1212 11( 3): 12(14): 22(5) 1:1 2.20  0.3321 (2)
74 CfoI GGGGAGGTCCGAAAGTTCAC GCCTGCTTCTTGTCCTCGTC 1211 11(13): 12(9) 1:1 0.73  0.3938 (1)
237 Tsp509I GCGGGACCTACGTTACAAAA GAAAGGTCCCATATGGTCGAT 1212 11( 4): 12(13):22( 4) 1:2:1 2.46  0.2930 (2)
230 HaeIII TTACTCGCATTTGCTTTCGT CAACAAAGTTGACTGGTTGAGG 1222 12(11): 22(12) 1:1 0.04  0.8348 (1)
8–09 24 HaeIII TATGGWGCMTTCCACCAGAA GGATGTGGCGGCTTCACTAT 3312 13(19):23(21) 1:1 0.10  0.7518 (1)
175 HaeIII CGCATCGTMTCAGGATGG ARCTTGATGASGCCGATGT 1112 11(26): 12(19) 1:1 1.09  0.2967 (1)
320 HaeIII ATGACGAAAGGWACBTCGAG GAVGARGCTACAGCTTTCTTRGG 1212 11(11): 12(21):22(9) 1:2:1 1.63  0.4427 (2)
8–19 228b MspI CAAGCAAGTTCTGCTGTGTAAGG GCAGCCAGGTTGCCATAGTA 1211 11(10): 12(19) 1:1 2.79  0.0947 (1)
236 BamHI GCTCTGACCTACGTCATCAARG TCTTGGTACCGGGAGAACAT 2211 11(7): 12(14):22(9) 1:2:1 2.35  0.3088 (2)
104 ATGGCGTCCAGACTTATTGTTTT TGTCGGCGATGCATTTGTA 2313 12(4): 13(5):23 (4):33(7) 1:1:1:1 5.20  0.1577 (3)
142 MseI GATGTTTAAGGAATTTCTGTGCTTYTT AATATGCGCGCCAAGTCC 1212 11(8): 12(19): 22(11) 1:2:1 2.49  0.2884 (2)
89 HpyCH4 CTTCTTKGGTCAGTGGTTCTGGT CAGAGAGATGGGCTGGATCAC 1212 11(5): 12(10): 22(6) 1:2:1 0.60  0.7415 (2)
apn3 MspI GCTACGGCTAGTGACCCAGA AACTGGATCAGGAACAGGCTC 1112 11(17): 12(16) 1:1 0.03  0.8618 (1)
Note: marker 89 HypCH4 is a SNP within chymotrypsin C3, and marker 175 HaeIII is SNP within trypsin T26. Onapn1 RsaI assay is described by Coates et al. (2008).
Table 4. Location of microsatellite repeat motifs within Ostrinia nubilalis midgut EST sequences (repeat number ≥ 5). Additional information includes putative 
ID and repeat location within gene coding regions
Repeat motif Contig Accession(s) EST putative ID Repeat location
(CA)5 203 EL929277 EL929007 muscle protein 20 5′ UTR
(AC)5 144 EL929259 lipophorin receptor 5′ UTR
(TA)6 165 EL929406 Bombyx mori EST mg – 0367 unknown
(TC)5 343 EL928696, 929 671, 930 salivary glue precursor unknown
(GC)5 128 EL928833 CBG10526 Caenorhabditis briggsae CDS
(TTA)5 NA EL930112 unknown unknown
(TAC)5 21 EL928651 arylphorin alpha subunit precursor CDS, Tyr
(GCC)5 225 EL930073 O. nubilalis hypothetical peptide 02E02 CDS, Ala
(GCG)5 69 13 Accessions* O. nubilalis chymotrypsin C2, CDS, Ala
(TTAA)5 165 20 Accessions† B. mori EST mg – 0367 unknown
*EL928728, EL928781, EL928883, EL928902, EL928933, EL929030, EL929246, EL929476, EL929575, EL929637, EL929764, EL929766, EL930096; 
†EL928865, EL928948, EL929111, EL929136, EL929228, EL929317, EL929406, EL929569, EL929621, EL929639, EL929656, EL929673, EL929789, 
EL929812, EL929870, EL929894, EL929914, EL930069, EL930091.
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characterized as those from ≥ 2 ESTs. Nearly half of 11
putative SNPs chosen for validation were confirmed by
resequencing, and conflicts were attributed to error in
reverse transcription, cDNA amplification by PCR, or base
calls during sequence analysis (Ramsey et al., 2007).
SNPs previously were identified from multiple high qual-
ity O. nubilalis sequences from onapn1, cadherin, brainiac,
trypsin (T23, T3, and T25), and chymotrypsin genes (C1
and C2), and subsequently validated by fidelity of PCR-
RFLP allele inheritance among pedigrees (Coates et al.,
2005b, 2006, 2007, 2008). In the current study, an midgut
EST dataset with 70% redundancy (535 unique genes from
1745 sequence reads) was used to design a total of 48
putative O. nubilalis SNP markers, of which 28 SNPs were
validated by showing polymorphism in an Ames, IA popu-
lation, and 19 of 20 that were tested by pedigree analysis
showed Mendelian inheritance patterns. Validation rate
of O. nubilalis SNPs (58.3%) was comparable to that
described by Ramsey et al. (2007), but screening of addi-
tional individuals from different populations and pedigrees
may reveal polymorphism at other SNP loci. This study was
limited to detection of SNPs within restriction endonuclease
sites, and to contigs with ≥ 3 representative sequences.
Additional SNP markers for O. nubilalis may be possible
when assays are developed for putative SNPs that do not
within lay within restriction sites or for SNPs that were
present within 162 contigs that contain 2 ESTs are con-
sidered. Furthermore, sequencing of PCR amplified
aminopeptidase gene fragments was shown as a viable
method for targeted SNP identification without additional
cDNA library sequencing, and may be applicable to other
candidate genes contributing to biological functions of
interest.
EST-associated microsatellites can show low polymor-
phism (Eujayl et al., 2002), but show a significantly higher
level of allele frequency deviation from neutral expectations
compared to non-coding microsatellites (Vasemägi et al.,
2005). Repeat arrays from EST-derived O. nubilalis micro-
satellites were short (≤ 6 tandem repeats), and 3 of these
loci were TNRs located within coding frames. Variation in
repeat number at one TNR microsatellite was observed
and did not show a significant deviation from expected gen-
otypic frequencies. This suggested the repeat expansion
within a coding sequence may show partial selective neu-
trality. TNR expansions often are linked to genetic disorders
(Pearson et al., 2005), but consequence of gain or loss of
a Ala in the N-terminus of the O. nubilalis hypothetical
peptide 02E02 gene is unknown. Variation also was not
observed among CA repeat microsatellites present in 5′-
UTRs of muscle protein 20 and lipophorin receptor tran-
scripts, and suggests microsatellite alleles that undergo
repeat unit expansion or contraction may be selectively
removed within those the gene regions or that strand slip-
page during replication is rare at the repeat arrays and have
been lost within the population due to random genetic
drift.
Minisatellite repeats within the O. nubilalis trypsin-like
serine protease T26 and a diverged serine protease
onspd01 are novel repeat unit structures, and did not match
a previously described 12 nucleotide long CAYCARCGT-
CACTAA Z-chromosome linked repeat (Coates & Hellmich,
2003). Minisatellites have not been reported within diges-
tive genes predicted from lepidopteran ESTs, but have
been shown to generate intron length variation (Almuly
et al., 2000), and may be involved in formation of splice
donor sites during intron splicing reactions (Turri et al.,
1995). Functional significance and origin of minisatellites
within O. nubilalis ESTs remain unknown, but possible
affects upon gene function are a potential point for
investigation.
Conclusions
EST projects are quick and inexpensive routes for gene dis-
covery, and acquisition of gene expression and regulatory
data. Additionally, ESTs complement whole genome
sequence (WGS) annotation, aid in identification of gene
structure, and allow in identification of single nucleotide pol-
ymorphisms (SNPs; Nagaraj et al., 2006). ESTs are more
cost effective compared WGS projects for gene discovery
whereby only expressed portions of genomes are
sequenced (Rudd, 2003), but suffer from potential under
representation of rare transcripts and omission of gene
information (Bonaldo et al., 1996). The ONmgEST dataset
is a tool from identification of candidate genes potentially
involved in digestive adaptation and B. thuringiensis toxin
resistance traits. This work also indicates O. nubilalis mid-
gut ESTs are a source for identification of microsatellite loci
and polymorphic SNP markers, and outlines a method for
genetic marker development that circumvents some of
the problems associated with highly prevalent multilocus
microsatellites in Lepidoptera.
Experimental procedures
Midgut cDNA library construction and DNA sequencing
Fifty 4th and 5th instar O. nubilalis larvae were provided from a lab-
oratory colony maintained at the Corn Insects and Crop Genetics
Research Unit (CICGRU), Ames, IA. The colony is restocked each
summer with wild individuals collected near Ames, IA in order to
maintain genetic diversity. Larvae were reared on meridic diet
(Guthrie, 1987) containing the fumidil B (7 mg/l) and auromycin
(2.75 mg/l). Midgut tissue was dissected, flash frozen in liquid
nitrogen, and ground to a powder using a mortar and pestle. Total
cellular RNA was purified using RNagents isolation kit (Promega,
Madison, WI), then 20 μg enriched for poly(A) mRNA using
Poly(A)Track isolation kit (Promega). The mRNA (0.5 μg) was
used as template for cDNA synthesis using the BD SMART proce-
dure (BD Clontech, Mountain View, CA, USA), digested using SfiI,
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then directionally ligated into the pDNR-LIB vector. E. coli strain
XL1 Blue (Stratagene, La Jolla, CA, USA) was transformed by
electroporation, and plated on LB agar containing 20 μg/ml
chloramphenical and 50 μg/ml tetracycline. Clones were incubated
overnight in 0.8 ml TB containing 20 μg/ml chloramphenical, and
plasmid DNA purified using Zippy Plasmid Isolation Kits (Zymo
Research, Orange, CA, USA). Plasmid inserts were sequenced
using DTCS Kits (Beckman-Coulter, Fullerton, CA, USA) with M13-F
primer, then products separated on a CEQ8000 DNA Sequence
Analysis System (Beckman-Coulter; inject 4.2 kV for 10 s, separate
4.2 kV for 140 m). Raw sequence data was analyzed and quality
of sequence assessed using the PHRED quality parameter, and
was calculated in the Sequence Analysis software of the Beckman-
Coulter CEQ8000 Genetic Analysis System. Sequences were trimmed
when was q < 30 (99% base call accuracy). Vector sequence was
automatically trimmed from FASTA formatted data when exported
by the CEQ8000 Sequence Analysis software (v. 8.0).
Ostrinia nubilalis midgut EST annotation
The cDNA insert sequence was uploaded into Vector NTI Suite
(Informax, San Francisco, CA, USA), vector sequence removed,
and longest open reading frames (ORFs) predicted. ContigExpress
software was used to assemble contiguous and overlapping
sequences. Homology searches were performed for each cDNA
clone against GenBank accessions using BLASTN (current
November 2007), InterPro (Mulder et al., 2007), and Gene Ontology
(GO; www.geneontology.org) databases using the BLAST2GO
software interface (http://www.blast2go.de/; Conesa et al., 2005).
Biological function and molecular process of annotated cDNAs
was assigned via the GO database at the Gene Ontology Consortium
(www.geneontology.org). Secondary searches of EST sequences
left unannotated by BLAST2GO were made to Bo. mori Silkbase
(Mita et al., 2002; http://papilio.ab.a.u-tokyo.ac.jp/silkbase/old.html),
and Spodobase (Nègre et al., 2006), butterflybase (butterflybase.
ice.mpg.de/blast/index.php). Proteins encoded by gene families
were further analyzed by identification of conserved/functional
peptide domains using CD search (Marchler-Bauer & Bryant,
2004), and pfam (Finn et al., 2006).
Phylogenetic relationships among O. nubilalis EST sequences
annotated as a serine protease-(pfam 00089) and pancreatic
lipase-like (pfam 00151)-encoding genes were constructed
from derived amino acid sequences. Outgroups consisted of
related ONmgESTs; Dr. melanogaster Anhydro lipase-like ESTs
(NP_723607; pfam 04083), a Bo. mori 35 kDa protease-like ESTs
(AF309500; pfam 00089), and Bo. mori chymotrypsin-like
ESTs (DQ443284; pfam 00089). Neighbor Joining (NJ) analysis
was conducted using the MEGA software package v. 3.1 (Kumar
et al., 2004; 1000 bootstrap pseudoreplications).
Generation of full-length cDNAs
Additional DNA sequence reactions were carried out on clones
identified as encoding putative serine proteinases T21 (19B08,
22C05, and 31G04), T22 (33G04), T26 (20F03, 27F12, 36A03,
22C08, 22C08, 31D12), C3 (EL929337), C4 (EL928994), and C5
(EL928985) were obtained using internal primers T21-F TACG-
GCCAGAACGGCAACGA, T22-F CACAAACCGCAACAATGGGG,
T26-F TCCCTGGTCCTCCGCTTCG, C3-F AGTCCCACAC-
CGTCGTGCT, C4-F ACTGCTGGTTCGACGGCGT, and C5-F
GCACGATTGGGTTGCCTTTAA, respectively. Midgut cDNA clones
with O. nubilalis apn1 (EL930111), apn3 (EL928408), and apn4
(EL929618) were further sequenced with internal primers (not listed).
Each sequencing reaction contained 1.6 pmol of internal primer in
a 10 μl DTCS reaction (Beckman-Coulter) with 50 fmol of plasmid,
and resulting products separated on a CEQ8000 DNA Sequence
Analysis System (Beckman-Coulter) as described previously.
Genetic markers
Parents and 22 progeny were obtained from four O. nubilalis F1
pedigrees (Fam3-10, Fam3-11, Fam8-09, and Fam8-19), and
adults also were collected from a natural population near Ames,
Iowa, USA (n = 45). Genomic DNA was extracted from individuals
using the Qiagen DNeasy protocol (Qiagen, Valencia, CA). PCR
reactions contained 2.5 mM MgCl2, 150 μM dNTPs, 10 ng DNA,
2.5 pmol each primer (Table 4), 2 μl 5X PCR buffer (Promega),
and 0.3125U GoTaq DNA polymerase (Promega) in 10 μl. The
thermocycler program included a 96 °C denaturation for 2 min, fol-
lowed by a touchdown (TD) phase of 65 °C at –2 °C/cycle for 7
cycles. Subsequent cycles were at 96 °C for 20 s, 52 °C for 30 s,
and 72 °C for 60 s for 30 cycles. SNP detection procedures used
the entire PCR added to 10 μl of reaction mixture containing
0.5 units RE (Table 4), 2 μl 10X reaction buffer, and 8 μl nuclease
free water. Digests were incubated at 37 °C (60 °C for TaqI)
for 14 h then separated on 25 cm 2% agarose gels containing
0.5 μg/ml ethidium bromide at 150 V for 46 min. PCR products for
microsatellite loci EL928651 and EL9300731 were separated on
1 mm × 20 cm 6% acrylamide:bisacrylamide (19:1) gels at 140 V
for 4.5 h then stained in a 0.5 μg/ml ethidium bromide solution.
Genotypes were scored manually, and the goodness-of-fit of
observed genotypic distributions in the F1 generation were
compared to expectations based on Mendelian inheritance using
chi-square (χ2) tests.
2.3 APN Single nucleotide polymorphisms (SNPs) and 
pedigree analysis
Genomic DNA was isolated from 24 adult O. nubilalis according to
Coates & Hellmich (2003), and equal volumes pooled into a single
sample. Partial regions were PCR amplified from genes OnAPN1,
2, 3, and 4 using 2.5 mM MgCl2, 50 μM dNTPs, 5 pmol each of
gene-specific primer (Table 1), 0.36 U Taq DNA polymerase
(Promega), and 50 ng of DNA template in a 10.0 μl reaction. PTC-
100 thermocycler conditions used at touchdown protocol with
95 °C for 2 m, followed by 7 cycles of 95 °C for 30 s, 65 °C for 30 s
(–2 °C per cycle), and 72 °C for 1 m. Final amplification phase
included 30 cycles of 95 °C for 30 s, 52 °C for 30 s, and 72 °C for
1 m. PCR products were ligated, DNA sequenced, and alignments
performed as described in section 2.1b. Single nucleotide
polymorphisms (SNPs) were identified manually.
Initial pedigrees were setup to evaluate segregation of SNPs for
O. nubilalis APNs in four pedigrees (Fam3-14, Fam3-15, Fam8-09,
and Fam8-19), and were established by crossing females from the
USDA-ARS, Corn Insects and Crop Genetics Research Unit labo-
ratory with Cry1AbR males. The F1 progeny were reared to adults
and used to estimate frequency of defined single nucleotide poly-
morphisms (SNPs) at O. nubilalis APN loci. Larvae were reared on
artificial diet (Guthrie, 1987) and DNA was extracted from adult thorax
tissue using methods described by Coates et al. (2003). PCR was
performed as described previously for partial OnAPN1, 2, 3, and
4 gene fragments (Section 2.2). Restriction digest reactions (30 μl)
were performed according to manufacturer directions (onapn1 with
RsaI, onapn3 with MspI, and onapn4 with NdeII). Entire digest
volumes were separated by 2% agarose gel electrophoresis. Gen-
otyping by PCR-RFLP was performed as described previously.
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